Abstract: A reciprocal sound transmission experiment was carried out during June 10-13, 2015 along a cross-strait line in the Bali Strait with strong tidal currents to measure the vertical section structures of the range-averaged current and temperature at a 3 min interval. The five-layer structures of the range-averaged current and temperature in the vertical section were reconstructed by regularized inversion of the travel time data for two rays. The hourly-mean current showed the generation of nonlinear internal tides with amplitudes of 1.0-1.5 ms À1 and periods of 6 h superimposed on semidiurnal internal tides with amplitudes decreasing from the upper to lower layer. The hourly-mean temperature was characterized by variations with amplitudes of 1.0-1.5 C and periods of 6 and 8 h. The current variations showed an out-of-phase relation between the upper and lower layers while the temperature data varied in-phase for all five layers. The two-day-mean current and temperature showed a stratified structure, varying from À0:6 to À0:1 ms À1 and from 23.8 to 28.0 C, respectively. The five-layer current and temperature were significantly above the inversion errors.
INTRODUCTION
The Bali Strait, located between Java and Bali, is connected to the Java Sea through a narrow northern inlet of width about 2 km, which broadens southward in a trumpet shape toward the outlet to the Indian Ocean. The northern part with channel widths of about 5 km is characterized by a strong tidal current, which makes the scheduled operation of ferry boats difficult. However, in spite of the societal importance of the current distribution and variation, cross-strait profiling measurement of the current and temperature has never been attempted in the strait.
Coastal acoustic tomography (CAT) has been well developed as a coastal sea application of ocean acoustic tomography [1] [2] [3] . Intensive field measurements by CAT have been performed in coastal seas around Japan [4] [5] [6] and China [7] . CAT-based reciprocal sound transmission, which has often been applied to narrow straits, provides an observational method suited to profiling measurement in the Bali Strait [8] [9] [10] [11] .
In this paper, the cross-strait layered structure and the temporal variation of the current and temperature in Bali Strait are investigated by reciprocal sound transmission. Semi-diurnal internal tides and the associated nonlinear internal tides are the main targets of the experiment.
EXPERIMENT
A reciprocal sound transmission experiment was carried out over three days (June 10-13, 2015 in local time) in the northern part of the Bali Strait, characterized by a strong tidal current. Land-based CAT systems were located on both sides of the strait (Fig. 1) . Station B3 on the Bali side was sited at an abandoned platform of a natural gas pipeline 60 m offshore from the coast, and station B4 on the Java side was at the edge of a jetty in a resort hotel. The distance between B3 and B4 was 4,461 m, determined from the global positioning system (GPS) and conductivity-temperature-depth (CTD) correction [10] . The seafloor depth is about 27 m at B3 and 5 m at B4. There is a submarine trough with a maximum depth of 79 m at a distance of 1 km from B3 and the seafloor forms a gentle slope toward B4 from the trough. A 10-kHz broadband transducer (International Transducer Corporation ITC-3013) was set to about 10 m below the surface by a rope at B3 and the transducer was 2 m below the surface at B4. A 10 kHz carrier modulated by one period (4,095 digits = 1.2285 s) of the 12th order M sequence was transmitted simultaneously from both transducers every 3 min. By cross-correlating received signals with the M sequence used in the transmission, the signal-to-noise ratio (SNR) of the received signals was markedly increased by 10 logð2 12 À 1Þ ¼ 36:1 [dB] on the basis of terror theory.
By dropping a CTD package from a ship into the water, the conductivity and temperature were recorded with increasing depth. Two sets of CTD data, obtained on Mar. 19, 2014 and Jun. 11, 2015 at C2, close to the sound transmission line B3B4, were used in this study. HORIBA W-20XD CTD sensors were used in 2014 and SonTekCastAway sensors were used in 2015. The maximum observable depth of the CTD casts was 79 m in 2014, but was only 45 m in 2015 owing to a strong southward tidal current. The CTD data allowed us not only to understand the density environment but also to know the sound speed field for acoustic ray simulation. Because of the greater maximum depth, the 2014 data were as below used to obtain a reference sound speed for the following ray simulation and inverse analysis.
METHODS

Quality Check of Received Data
In the experiment, noisy data were acquired especially at B3, so the following quality check of the data was adopted to increase the SNR of the received data.
Step 1: Sequential correlation patterns, obtained at a 3-min interval, are summed over 30 min (10 data) to increase the SNR of the correlation data where the SNR is defined with a non-dB scale as the ratio of the peak height to the mean height of the received data. As a result, he SNR is slightly underestimated because signal peaks are included in calculation of the noise level.
Step 2: Arrival peaks are identified in the correlation patterns summed over 30 min. The largest arrival peak is first determined on the basis of the comparison with thresholds of SNR > 18 for B3 and SNR > 20 for B4 (the first threshold) and is defined as the first arrival peak above the threshold. Although the first and largest arrival peaks are not always coincident, pick-up errors of the first arrival peak are reduced through the summation over 30 min. Further study is required for the acoustical identification of the first arrival peak. The second arrival peak is found in the range of 1-5 ms after the first peak, using the thresholds of SNR > 16 for B3 and SNR > 20 for B4 (the first threshold). These SNR thresholds are taken to select good reciprocal data of the sufficient numbers, 678 for the first peak and 275 for the second peak. The selection of higher SNR thresholds increases the number of missing data. By considering the acceptable data quality and number, SNR values for the first thresholds are determined by trial-and-error.
Step 3: The semi-hourly range-averaged current (V m ) and temperature (C m ) are calculated from the differential travel time (Át) and mean travel time (t m ), respectively, using Eqs. (1) and (2) for both the first and second arrival peaks. The hourly mean data are constructed through a one-hour moving average of the 30 min data. The hourly-mean C m is converted to T m under fixed salinity (S ¼ 34 in the practical salinity unit used conventionally) and layer depths using the sound speed formula [12] . Data with an hourly-mean range-averaged current greater than 2 ms À1 (the second threshold) and the corresponding sound speed are removed as unnatural data. Data in regions with missing data are produced by linear interpolation of neighboring data.
Here, C 0 is the reference sound speed, usually taken as the average sound speed at the observation site, and is nearly equal to C m . The t m -derivative of Eq. (2) under a fixed L becomes
where ÁC m is the deviation of the sound speed from C m and t m is the deviation from the mean travel time (L=C m ).
Step 4: V m and ÁC m for good-quality data are converted to the travel time difference (Át) and the mean travel time deviation (t m ) for the first and second arrival peaks using Eqs. (1) and (3), respectively.
Step 5: The inverse analysis of the range-averaged current and temperature for five horizontal layers is performed using the accurate data of Át and t m for the first and second arrival peaks. The original 3-min data (green circles) and 30-min summed data (red circles) are compared in Fig. 2 for a typical observation period from 1,400 to 1,412 on June 12, 2015. The summation enabled us to construct peak heights larger than the pre-summation ones for both the B3 and B4 data. In both the original and summed data, the first (largest) peak heights for B3 were significantly smaller than those for B4. Furthermore, the missing data in the fifth non-sum data of B3 were reproduced by the 30-min sum. This problem of missing data did not occur in the B4 data.
The first and second arrival peaks identified in the correlation pattern by the above SNR rule (the first threshold) are plotted in Fig. 3 with red and green circles, respectively, for one received data pre-summation (left illustration) and for the whole of the observational data post-summation (right illustration). In the pre-summation, the SNR for the first peak was 4.2 for the B3 data and 6.8 for the B4 data. Although the SNR was markedly increased by summing over 30-min, the first and second arrival peaks still exhibited scatter, implying the presence of significant errors.
Temporal variations of the hourly-mean and 2-daymean range-averaged current and temperature are shown in Fig. 4 with the red and blue lines for the first and second arrival peaks, respectively. The hourly-mean data oscillated with a period of about 8 h for both the first and second peaks with the amplitude decreasing with time. The 2-daymean data remained nearly constant around À0:3 ms À1 for the current and 23.0 C for the temperature. The average differences between the first and second peaks were 0.2 ms À1 for the current and 0.2 C for the temperature.
Error Evaluation
We here evaluate the observation errors. The first observation error for the current and sound speed (denoted as V e and C e , respectively) are determined from the onedigit length of the M sequence (t r ), which is the time resolution for multi ray arrival. ðV e ; C e Þ are obtained by replacing t r by the differential travel-time (Át ¼ t r ) and the mean travel time (t m ¼ t r ) in Eqs. (1) and (3), respectively.
Here C 0 is the reference sound speed and L is the stationto-station distance [10] . For a modulation number of three cycles per digit, t r ¼ 3=10;000 ¼ 0:3 ms. For L ¼ 4;461 m and C 0 ¼ 1;500 ms À1 , V e ¼ 0:076 ms À1 and C e ¼ 0:152 ms À1 . The first observation errors are found in the travel time variations at frequency ranges shorter than 1 h À1 [4, 11] .
The root mean square (RMS) variations of the travel time difference and the summation in the range of (3 min-1 h) are taken into consideration as the second observation errors. Then these RMS travel time errors (Át e ¼ Át and t e ¼ t m ) were converted to the current velocity error ( " V e ) and sound speed error ( " C e ), respectively, using Eq. (4). Error evaluation was performed for both the first and second peaks and the results are presented in Table 1 . " V e and " C e were 0.106 and 0.108 ms À1 for the first peak, and 0.076 and 0.088 ms À1 for the second peak, respectively. These RMS errors were in rough agreement with the onedigit errors (the first observation errors).
From the dependence of the temperature on the sound speed in the sound speed formula [12] , " C e was converted to the temperature error ( " T e ) using [6] :
with the average values T 0 ¼ 25:3 C, S 0 ¼ 34, and D 0 ¼ 30 m obtained in the Bali Strait.
Ray Simulation and Inversion
The results of a range-independent ray simulation based on the sound-speed profile from the 2014 CTD data are shown in Fig. 5 . The first arrival peak corresponds to the refracted-bottom reflected ray (red ray), called ''Ray-1'' and the second arrival peak (''Ray-2'') corresponds to a surface-bottom reflected ray (green ray). The travel time and ray length are 2.9186 s and 4,462.8 m for Ray-1 and 2.9223 s and 4,473.2 m for Ray-2, respectively. Ray-1 travels near the seafloor, forming upper turning points deeper than Ray-2. Ray-1 and Ray-2 follow distinct paths in the 1.3-3.8 km range from B3. However, Ray-1 and Ray-2 travel only in the first (deepest) layer around 1 km from B3, forming a bad effect in the layered inversion. The information along the two rays traveling at different depths in the ranges of 0-0.6 km and 1.3-3.8 km from B3 was used to reconstruct the layered structure of the currents and temperature deviations. The regularized inversion, which was proposed in geo-tomography [13] and used to profile the Kuroshio Current east of Taiwan [14] , can also be applied to the Bali Strait. 
The reciprocal travel time t i
AE for the i-th ray À i traveling in a vertical slice is calculated by the following path integral:
in which C 0 is the reference sound speed determined from the CTD data, C ¼ C À C 0 , and v s is the current velocity along the ray. The travel time t 0i for C 0 is calculated along the reference ray À 0i using the CTD data as
The deviation of the reciprocal travel time ( i AE from t 0i is calculated by subtracting Eq. (7) from Eq. (6). By linearizing the resulting equation around C 0 and À 0i , À i AE is replaced by À 0i . Taking the difference (Á( i ) and sum (( i ) of ( i AE , one can separate the effects of v s and C on the travel time. Next, Át i and t i , given by integrals along the i-th ray À 0i , are approximated by the following summations:
where i ¼ 1; 2 and j ¼ 1; 2; 3; 4; 5 are the indices for the rays and layers, respectively, and E ij ¼ À2l ij =C 0j 2 . The v sj and C j are the current velocity and sound speed deviation for the j-th layer, respectively, l ij is the arc length of the i-th ray crossing the j-th layer, and C 0j is the reference sound speed for the j-th layer. The travel time vector y, the unknown variable vector x, the transform matrix E, and the travel time error vector n are related in the matrix form as
where y ¼ fÁt i g or ft i g, x ¼ fv sj g or fC j g, and the error residuals for Eqs. (4) and (5) We here describe the regularized inversion. The leastsquares solutionx is determined that minimizes the cost function [13] J ¼ ðy À ExÞ
where ! is the Lagrange multiplier, superscript T denotes the transpose of a matrix, and H is the smoothing matrix constructed from a finite-difference approximation of the second-order derivative operator @ 2 x=@z 2 , which is introduced to regularize a solution through a moving average of three consecutive layers.
Here, D is the seafloor depth and the vertical grid width Áz is taken to be Áz ¼ 1. 
By minimizing J, the optimal solutionx reduces tô
where is chosen so that the squared residual defined by knk 2 ¼ ky À Exk 2 is less than a predetermined value of 0.2 ms 2 , corresponding to 0.05 ms À1 for both the current and sound speed for the station-to-station distance of 4,461 m. The solution uncertainty P is formulated in the form [1] . where hnn T i is the expected variance of the travel time difference (Át) or sum (t). Only the diagonal components are taken into consideration because small cross-correlation errors are expected between different layers. Finally, the inversion error for each layer is expressed by
T error ¼ C error =2:37:
The inversion errors of the current, sound speed, and temperature are presented for the five layers in Table 2 .
The measurement of the current requires higher accuracy than that of the temperature. The inversion errors for the five layers are also shown in the time plots and vertical profiles presented in the next section.
RESULTS
The five-layer structures of the hourly mean current are shown with the temporal plots in Fig. 6 (a) and with the power spectral density plots in Fig. 6(b) . Nonlinear internal tides with a periods of 6 h, superimposed on semi-diurnal internal ides, were visible in all layers with an amplitude range of 1.0-1.5 ms À1 . The current variations were out-ofphase between the upper three layers (V3, V4, and V5) and the lower two layers (V1 and V2) as shown with the dotted vertical lines. The power spectral density diagrams had peaks at 6 and 12 h in the lower three layers. The five-layer hourly-mean temperatures oscillated with amplitudes of about 1.5 C for the middle two layers (T2 and T3) and about 1.0 C for the upper two layers (T4, T5) and the deepest layer (T1) although the semi-diurnal tides were less visible than in the current variations ( Fig. 7(a) ). In contrast to the current variations, the temperature variations were in-phase for all five layers. The power spectral density had peaks at 6, 8 and 12 h (Fig. 7(b) ).
The temporal variations of the 2-day-mean current are shown in Fig. 8 together with those of the 2-day-mean temperature. The 2-day-mean current showed a strong vertical shear, which varied from À0:7 ms À1 in the shallowest layer to À0:1 ms À1 in the deepest layer. The 2-day-mean temperature remained nearly constant with time and showed strong thermal stratification, decreasing from 28.0 C in the shallowest layer (T5) to 23.8 C in the deepest layer (T1).
Vertical profiles of the current and temperature, constructed from the all-data average (about one day) of the 2-day-mean data, are shown in Fig. 9 together with the CTD data obtained in 2014 and 2015. The 2015 temperature (blue line) was higher in the upper layer (0-20 m) and lower in the lower layer (< 20 m) than the 2014 temperature (black line). The averaged profile traced the CTD data in 2015 rather than the data in 2014. The average current varied from À0:6 ms À1 in the shallowest layer to À0:1 ms À1 in the deepest layer. 
SUMMARY AND DISCUSSION
Internal tides were measured at a 3-min interval by reciprocal sound transmission between two acoustic stations located on opposite sides of the Bali Strait, and 5-layer structures in a vertical slice along the sound transmission line were reconstructed by the regularized inversion of the travel time data for 2 rays. The received data were severely disturbed by nonlinear internal tides with periods of 6 and 8 h, which were superimposed on semi-diurnal internal tides [15] . The SNR of the noisy received data was markedly improved by taking a 30-min sum of the 3-min-interval original data. The 30-min data were further improved by taking a moving average over 1 h.
The hourly-mean current and temperature showed the generation of nonlinear internal tides with periods of 6 and 8 h (M4 and M3, respectively), which were superimposed on semi-diurnal internal tides (M2) that varied with amplitude ranges of 1.0-1.5 ms À1 for the current and 1.0-1. 5 [ C] for the temperature. The nonlinear internal tides may be generated by a nonlinear interaction between the semi-diurnal internal tides and the irregular bottom topography [16, 17] . Further study is required to elucidate the generation mechanism. The 2-day-mean current showed a strong vertical shear, varying from À0:7 ms À1 in the upper layer to À0:1 ms À1 in the lower layer. The 2-daymean temperature remained nearly constant with time and showed strong thermal stratification, decreasing from 28.0 C in the shallowest layer to 23.8 C in the deepest layer. The vertical profile of the temperature, obtained through the all-data average of the 2-day-mean data, traced the 2015 CTD data better than the 2014 data. The vertical profile of the current varied from À0:6 ms À1 in the shallowest layer to À0:1 ms À1 in the deepest layer. The five-layer current and temperature significantly exceeded the inversion errors.
It is likely that the positive and negative path-averaged currents along the transmission line B3B4 correspond roughly to the northward and southward currents, respectively, because the shoreline has a north-south orientation. The north-south conversion of range-averaged (layered) currents implies that currents in the north-south direction reached speeds of about 1:5= cos 63
at the maximum phase of the internal tide. It is proposed that such a land-based CAT system provides a novel method of measuring the spatiotemporal structure of nonlinear internal tides that are generated by the interaction of semi-diurnal internal tides with an irregular bottom topography.
